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Abstract

:

In this work, we demonstrate a dual-wavelength passively mode-locked erbium-doped fiber laser employing graphene nanoplatelet as saturable absorber. The dual-wavelength laser is generated in ~1530 nm and ~1550 nm wavelength regions by splitting the main signal into two separate laser oscillations via a red/blue wavelength division multiplexer. Both the unidirectional and bidirectional dual-wavelength oscillation scheme are investigated, and it is found that the latter is advantageous in providing narrower pulse widths of 890 fs and 980 fs for the respective wavelength region, on top of boosting the pulse energy to the maximum value of 139 pJ and 155 pJ, respectively. It is believed that the bidirectional dual-wavelength oscillation scheme can minimize the overlapping effect between the neighboring pulses that cause pulse distortion as well as signal attenuation compared with unidirectional dual-wavelength oscillation. This work expands the dynamics of cavity structure design for synchronized dual-wavelength mode-locked fiber laser generation.
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1. Introduction


Compact dual-wavelength mode-locked fiber lasers have attracted great attention due to their wide applications such as fiber optic sensing, wavelength-division-multiplexed communication systems, optical spectroscopy, biomedical imaging and terahertz radiation generation [1,2,3,4,5,6]. Among various approaches that have been investigated to realize dual-wavelength mode-locked fiber laser, the saturable absorption effect is one of the promising mechanisms for generating pulse operation in dual-wavelength laser system [7,8,9]. In general, this effect is introduced by materials with nonlinear dependence of their transmittance, which greatly increases with incident optical power, thus enabling the pulse operation to be more energetically efficient and therefore preferable [10].



Concurrently, new kinds of 2D materials keep emerging as new potential saturable absorbers owing to their excellent optical properties such as short recovery time, small bandgap energy, broadband absorption and high compatibility with fiber laser systems. This includes materials from the group of transition metal oxides [11,12,13], transition metal dichalcogenides [14,15] and topological insulators [16,17]. Undeniably, the advancement of these materials can be traced back to the superiority and versatility of their pioneer, graphene, which is still worthy of investigation to date [18,19,20,21,22,23,24,25]. This is attributed to its desirable properties such as gapless linear dispersion of Dirac-electrons, short recovery time and ultra-broadband absorption [21]. Several forms of graphene include monolayer graphene, graphene oxide, reduced graphene oxide and graphene nanoplatelet. Unlike other forms of graphene, graphene nanoplatelets typically exists in a stack of multiple single layers of graphene [26], which normally have a thickness of between 1–3 nanometers and lateral dimensions ranging from 100 nanometers to 100 microns. This makes graphene nanoplatelets more feasible as saturable absorbers compared with monolayer graphene and graphene oxide since it offers higher possibility to exhibit high modulation depth and low defect density [27].



A challenge in dual-wavelength mode-locking is to select the desired wavelength operation without suppressing or affecting the other. The method of loss management in the laser cavity through macrobending loss utilizing the fiber spooling technique has been introduced in ref. [28]. This technique allows the selection of single- or dual-lasing operations without requiring an external tunable attenuator device integrated into the laser cavity. However, cavity loss controlled by macrobending loss strictly depends on the radius of the fiber spooling. For instance, a small difference in spooling radius of 0.8 cm is already capable to disrupt the dual-lasing operation [28]. Another method of intracavity loss control by tailoring the polarization state to obtain switchable dual-wavelength mode-locked lasers is presented in ref. [29], but the achievable pulse width is limited to picosecond range. On the other hand, a double-ring laser resonator with different types of gain medium in each loop has been proposed for generating dual-wavelength mode-locked lasers that oscillate simultaneously yet can be independently controlled [30], however, at the expense of system complexity with a double pumping scheme. While the knowledge of dual-wavelength mode-locked laser mechanisms and intracavity dynamics are still at the infancy stage and elusive, there is still a need to extend the research to establish alternative systems that can bridge the existing gaps to improve the performance of dual-wavelength mode-locked lasers.



In this work, a dual-wavelength passively mode-locked erbium-doped fiber laser is constructed based on the dual-cavity loop from a single pumping scheme and a mutual mode-locking element incorporating graphene nanoplatelet (GNP) saturable absorber (SA). To form the dual-cavity loop configuration, two red/blue wavelength division multiplexers are used to split and recombine the signals, respectively. At the first stage, the dual-wavelength signals are made to circulate in unidirectional oscillation. The laser emission is observed to occur at two distinct wavelengths of ~1530 nm and ~1550 nm, corresponding to each cavity loop. For comparison purpose, the laser resonator is modified to let both laser emissions oscillate bidirectionally. Interestingly, the bidirectional dual-wavelength oscillation shows better performance in certain aspects, such as producing narrower pulse width and higher pulse energy. The obtained results indicate that the proposed system could be a good alternative for synchronized dual-wavelength mode-locked generation.




2. Characterization of Graphene Nanoplatelets Saturable Absorber


In this work, GNP in powder form is employed, which is produced from expandable graphite (3772, Asbury Carbons, Inc., Asbury, NJ, USA). The detailed synthesis process of the GNP powder is described in ref. [31]. Subsequently, GNP SA is assembled by depositing the GNP powder on a clean FC/PC fiber ferrule, which is then connected to another fiber ferrule to form a sandwiched-type structure. The fabrication procedure of the GNP SA is similar to the one reported in ref. [27]. The prepared GNP SA is then examined using a WITec Raman spectroscopy (Alpha 300R) with ~488 nm excitation wavelength, and the result is shown in Figure 1. The intensity peaks exhibited at Raman shift of approximately 1570 cm−1 (G peak) and 2700 cm−1 (2D peak) match the specified Raman spectrum peak profiles for graphene [32,33], which indicate that the GNP is successfully deposited on the fiber ferrule. The estimated G/2D intensity ratio of <2 denotes that the deposited GNP is multilayer.



Characterization of the nonlinear optical properties of the GNP SA is carried out based on power-dependent transmission measurement by using an equalized twin detector system. The system consists of an M-fiber MenloSystem pulse fiber laser source connected to a variable optical attenuator and a 50:50 optical coupler to split the pulse laser signal into two equal portions. The pulse laser, which operates at 1560 nm, has a pulse repetition rate of 250 MHz and pulse duration of 117 fs. The nonlinear saturable absorption result is shown in Figure 2, which agrees with the formula in Equation (1) [34];


  α  ( I )   =    α 0    1 +  I   I  s a t         +  α  n s   ,   



(1)




where   α  ( I )    is the intensity-dependent absorption coefficient,    I  s a t     is the saturation intensity,    α 0    is the modulation depth,   I   is the peak intensity and    α  n s    , is the nonsaturable absorbance. Based on the curve fitting, the estimated values of    α 0    and    I  s a t     for the GNP SA are   0.66 %   and 9.8 MW/cm2, respectively.




3. Experimental Setup


The experimental setup of the dual-wavelength passively mode-locked erbium-doped fiber laser (DWML-EDFL) system is shown in Figure 3, in which the unidirectional and bidirectional signal oscillation in the common branch are, respectively, established to investigate the impact of the propagation directivity on the output pulse performance. The common branch consists of a 4.5 m-length erbium-doped fiber (EDF) gain medium with a signal absorption coefficient of 3.5 dB/m at 1530 nm, which is pumped by a 980 nm laser diode (LD) through a 980/1550 nm wavelength selective coupler (WSC). The GNP SA is placed after the EDF as the mode locking element, and it is then connected to a polarization controller (PC). A red/blue wavelength division multiplexer (R/B WDM-1) is used to split the signal from the PC into two distinct wavelengths, namely λ(−) and λ(+), which are located at ~1530 nm and ~1555 nm, respectively. The separation efficiency of the R/B WDM is 15.5 and 33.5 dB for 1530 and 1555 nm ports, correspondingly. In the case of unidirectional signal oscillation, as shown in Figure 3a, the oscillating signals are recombined through R/B WDM-2 to be guided back into the common branch. An isolator (ISO) is placed in between the R/B WDM-2 and the 1550 nm port of the WDM to ensure unidirectional signal propagation within the common branch. On the other hand, for the case of bidirectional signal oscillation, the ISO and R/B WDM-2 are replaced with an optical circulator (CIR). This arrangement enables opposite propagation directivity between λ(−) and λ(+) in the common branch as shown in Figure 3b. Based on the respective oscillation directions, both λ(−) and λ(+) signals are channeled to optical couplers, denoted as OC-1 and OC-2, respectively, to extract 30% of each signal for further analysis. The remaining signals of both λ(−) and λ(+) are then channeled through the 70% port of the respective OC-1 and OC-2.




4. Results and Discussion


Figure 4a,b shows the evolution of the mode-locked output spectrum against pump power for unidirectional DWML-EDFL and bidirectional DWML-EDFL, respectively. This measurement is taken by using an optical spectrum analyzer (Yokogawa AQ6370B, Tokyo, Japan) with 0.02 nm resolution bandwidth. After optimizing the PC state, the mode-locked operation is achieved at the pump power threshold of 41.3 mW and 38.4 mW for unidirectional and bidirectional DWML-EDFL, respectively. At the maximum pump power of 105.2 mW, the central wavelength of λ(−) signals are ~1533 nm for both unidirectional and bidirectional DWML-EDFL, with 3 dB spectral bandwidth of ~3.0 nm. On the other hand, for λ(+) signals, the central wavelength are ~1557 nm and 1555 nm for unidirectional and bidirectional DWML-EDFL, respectively, with their respective 3 dB spectral bandwidths of 2.4 nm and 3.2 nm. By taking the dispersion coefficient (β2) values of −22, −7 and 23 ps2/km for SMF-28, Hi-1060 SMF and EDF, respectively, the estimated net group velocity dispersion (GVD) for all the cavity loops are calculated within the range of −0.3215 to −0.2797 ps2, which falls in the anomalous dispersion regime. The existence of Kelly sidebands in the mode-locked spectrum confirms the soliton operation of a pulse laser.



The autocorrelation trace of the mode-locked pulse is measured by using an autocorrelator (Alnair HAC-200). By assuming the sech2 pulse shape fitting, the full width at half maximum (FWHM) pulse duration is 900 fs for λ(−) signal and 1020 fs for λ(+) signal in the unidirectional DWML-EDFL, as shown in Figure 5a. On the other hand, for the bidirectional DWML-EDFL, the narrower pulse widths of 890 fs and 980 fs are obtained for λ(−) and λ(+), respectively, as shown in Figure 5b.



The mode-locked pulse train for each cavity loop is measured using an oscilloscope (Tektronix TDS 3012C) together with a 5 GHz In GaAs-biased photodetector (Thorlabs, DET08CFC, Newton, MA, USA). The results are shown in Figure 6a,b, corresponding to unidirectional and bidirectional DWML-EDFL, respectively. Since the total cavity length of all the cavity loops is almost similar, about 17 m, the pulse repetition rate for each cavity loop does not vary much between one another, with the values ranging from 9.22 MHz to 9.29 MHz. The evenly spaced pulse interval between the consecutive pulses validates the good stability of the pulse output.



Figure 7a,b shows the radio frequency (RF) spectrum of the mode-locked output at fundamental frequency peak for unidirectional and bidirectional DWML-EDFL, respectively, which are measured at the RF span of 1 MHz and resolution bandwidth of 30 kHz. For λ(−) and λ(+) signals in unidirectional DWML-EDFL, the peak-to-pedestal extinction ratios (PER) are 40.78 dB and 39.53 dB, respectively. On the other hand, for λ(−) and λ(+) signals in bidirectional DWML-EDFL, the measured PERs are 42.92 dB and 37.70 dB, respectively.



The results of average output power and pulse energy evolution versus pump power for unidirectional and bidirectional DWML-EDFL are shown in Figure 8a,b, respectively. Based on the graph of output power development, all λ(−) and λ(+) signals in both unidirectional and bidirectional DWML-EDFL have a similar lasing threshold of about 20 mW. It can also be seen that the average output power increases almost linearly against the pump power for all the cavity loops. This linear increment behavior is also observed for the case of pulse energy. The maximum average output power, power slope efficiencies, mode-locking threshold and maximum pulse energy for the respective cavity loop are tabulated in Table 1. It is worth noting that the mode-locking threshold for both λ(−) and λ(+) signals in bidirectional DWML-EDFL is lower than that of the unidirectional DWML-EDFL, with the respective values of 38 mW for bidirectional and 41 mW for unidirectional DWML-EDFL. On top of that, narrower pulse widths of 890 fs and 980 fs are obtained for λ(−) and λ(+), respectively, in bidirectional DWML-EDFL compared with those of unidirectional DWML-EDFL, with the pulse width value of 900 fs for λ(−) signal and 1020 fs for λ(+) signal. In addition, the maximum average output power and pulse energy in the bidirectional DWML-EDFL are observed to be higher than those of the pertinent signals in the unidirectional DWML-EDFL. Although the cavity loss for the bidirectional DWML-EDFL is marginally lower than its counterpart, the amplification condition plays significant role for these two laser schemes. For the unidirectional case, both laser signals propagate into the EDF at the same entry point. Both signals are amplified together towards the other end of the EDF. Under this condition, the absorption of the 980 nm pump light is rapid as a result of faster pump depletion. The localized population inversion at the output end of EDF (just before SA) is very low, the excited electrons are inadequate to cater to huge numbers of incoming photons. On the other hand, for the bidirectional laser cavity, the laser signals propagate into the EDF in the opposite direction. The pump depletion is more balanced since the localized number of photons is almost similar throughout the EDF. As a result, the variation of localized population inversion is also minimal, which leads to better lasing performances as compared with the unidirectional laser cavity.




5. Conclusions


We investigated a dual-wavelength passively mode-locked erbium-doped fiber laser based on the dual-cavity loop from a single pumping scheme and a mutual mode-locking element incorporating graphene nanoplatelet saturable absorber. The fiber laser configuration is initially designed to allow unidirectional signal oscillation through a common gain medium and saturable absorber. Mode-locked laser outputs are successfully generated at two different wavelengths of ~1530 nm and ~1550 nm, respectively. For comparison purposes, the cavity configuration is then modified to divert the signal direction from unidirectional to bidirectional oscillation. Results show that the bidirectional dual-wavelength oscillation scheme exhibits better performance over the unidirectional scheme in certain aspects, such as in terms of providing shorter pulse width, higher pulse energy, lower mode-locked threshold and higher maximum output power, without compromising the pulse stability. The bidirectional dual-wavelength oscillation scheme is capable of delivering pulse durations of 890 fs and 980 fs as well as maximum pulse energies of 139 pJ and 155 pJ for the respective λ(−) and λ(+) signals. This work also validates the cavity structure design to produce dual-femtosecond laser outputs with minimal usage of optical components including saturable absorber.
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Figure 1. Raman spectrum of the GNP SA deposited on fiber ferrule. 
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Figure 2. Nonlinear saturable absorbance properties of GNP SA. 
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Figure 3. Experimental setup of (a) unidirectional and (b) bidirectional DWML-EDFL. 
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Figure 4. Output spectrum against pump power for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL. 
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Figure 5. Autocorrelation trace for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL at maximum pump power of 105.2 mW. 
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Figure 6. Pulse train for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL. 
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Figure 7. RF spectrum at fundamental frequency peak for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL. 






Figure 7. RF spectrum at fundamental frequency peak for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL.



[image: Electronics 11 02880 g007]







[image: Electronics 11 02880 g008 550] 





Figure 8. Average output power and pulse energy against pump power for (a) unidirectional DWML-EDFL and (b) bidirectional DWML-EDFL. 
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Table 1. Comparison of output pulse performance for unidirectional and bidirectional DWML-EDFL.
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Laser Cavity Configuration

	
Unidirectional DWML-EDFL

	
Bidirectional DWML-EDFL






	
Optical loops

	
   λ  ( − )    

	
   λ  ( + )    

	
   λ  ( − )    

	
   λ  ( + )    




	
Maximum output power (mW)

	
1.13

	
1.4

	
1.29

	
1.46




	
Slope efficiencies (%)

	
1.35

	
1.71

	
1.45

	
1.7




	
Mode-locking threshold (mW)

	
41

	
41

	
38

	
38




	
Maximum pulse energy (pJ)

	
122

	
152

	
139

	
155




	
3 dB bandwidth (nm)

	
3.0

	
2.4

	
3.0

	
3.2




	
Pulse width (fs)

	
900

	
1020

	
890

	
980




	
Repetition rate (MHz)

	
9.26

	
9.22

	
9.29

	
9.35




	
PER (dB)

	
40.78

	
39.53

	
42.92

	
37.70
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